A "pulse-burst" laser system is being constructed for addition to the Thomson scattering diagnostic on the Madison Symmetric Torus ͑MST͒ reversed-field pinch. This laser is designed to produce a burst of up to 200 approximately 1 J Q-switched pulses at repetition frequencies 5 -250 kHz. This laser system will operate at 1064 nm and is a master oscillator, power amplifier. The master oscillator is a compact diode-pumped Nd: YVO 4 laser, intermediate amplifier stages are flashlamp-pumped Nd:YAG, and final stages will be flashlamp-pumped Nd:glass ͑silicate͒. Variable pulse width drive ͑0.3-20 ms͒ of the flashlamps is accomplished by insulated-gate bipolar transistor switching of large electrolytic capacitor banks. The burst train of laser pulses will enable the study of electron temperature ͑T e ͒ and electron density ͑n e ͒ dynamics in a single MST shot, and with ensembling, will enable correlation of T e and n e fluctuations with other fluctuating quantities.
I. DIAGNOSTIC GOALS
A "pulse-burst" laser system being constructed for addition to the Thomson scattering diagnostic 1 on the Madison Symmetric Torus 2 ͑MST͒ reversed-field pinch will enable measurement capability new to fusion research. The aim is to record fast equilibrium changes and to attempt measurements of turbulence and electron fluctuations, in a hot magnetically confined plasma. The operational goal for the diagnostic system on MST is to measure electron temperature T e and density n e at a variable rate 5 -250 kHz.
The pulse-burst laser system is the only novel component being developed for this extension of the Thomson scattering diagnostic on MST. It is designed to produce a "burst" train of approximately 1 J pulses, each pulse Ͻ100 ns in duration. At lower pulse repetition frequencies ͑ഛ50 kHz͒, the burst train will be up to 20 ms long. At higher pulse repetition frequencies the burst train will be constrained to 10-30 pulses. The duty cycle for production of these burst trains is low ͑ജ2 min͒, set by the duty cycle of MST and the thermal cooling time of the laser rods; only one burst train will be produced during each plasma discharge on MST. The pulse-burst laser system will function as an adjunct to the existing commercial Nd:YAG ͑yttrium aluminum garnet͒ lasers used for Thomson scattering on MST. It will use the same beamline and optics, and will be assembled in an adjoining room. The rest of the Thomson scattering hardware ͑polychromators, detectors, digitizers, etc.͒ is already capable of recording the burst trains described above.
Note that this pulse-burst laser system being constructed differs substantially from a previous proposal for highrepetition-rate Thomson scattering using a diode-pumped Yb:YAG laser. 3 That laser operated at 1030 nm and could not have functioned as an adjunct to our existing Nd:YAG lasers as it would have required a new filter set in the polychromators. In addition, both the pulse energy and pulse repetition rate of this new pulse-burst laser system will be about a factor of 20 larger than the previously proposed Yb:YAG laser system. The design, calibration, and operation of the Thomson scattering diagnostic on MST is described in detail elsewhere, 1, 4, 5 so only a brief overview will be provided here. During typical operation, two commercial Nd:YAG lasers ͑Spectron͒ each produce one or two ϳ2 J pulses at 1064 nm, enabling up to four measurements of T e during the 20-30 ms equilibrium "flattop" of a MST discharge. The lasers are remotely located from the MST experimental bay in an environmentally controlled room and are directed to the plasma via a remotely controlled beamline. Thomsonscattered light is collected from 21 spatial points across the minor radius of MST and transported via fiber optic to an array of filter polychromators with avalanche photodiode detectors. The signal from each detector is digitized at 1 Gsample/ s for 500 ns around each laser pulse to record both the Thomson-scattered signal and background light before and after the signal. Measurement range is 10 eV-1.5 keV ͑and greater than 10 keV for a subset of the filter polychromators͒, for densities greater than ϳ3 ϫ 10 18 m −3 . The next section of this paper describes pulse-burst laser system development and initial performance tests of a design layout similar to that being constructed. The full-scale optical layout of the laser system being constructed will also be described. The last section will describe the architecture and prototype performance of the flashlamp power supplies being developed for this system.
II. PULSE-BURST LASER SYSTEM DEVELOPMENT
Much of the impetus for development of high-repetitionrate pulse-burst laser systems has come from the need for high-speed visualization, particularly high-speed flow diagnosis. Several repetitively Q-switched ruby lasers have been constructed, producing burst trains of tens of pulses, each pulse several hundred millijoules, at repetition rates up to 500 kHz. 6, 7 A multipulse intracavity ruby laser developed specifically for Thomson scattering has demonstrated burst trains of tens of pulses, each pulse ജ10 J and 1 -1.5 s duration, at repetition rates up to 10 kHz. 8 An early resonantly charged flashlamp-pumped Nd:YAG laser system was able to efficiently produce bursts of 40 pulses at 1 kHz. 9 A line of recent developments of Nd:YAG systems has resulted in lasers capable of producing bursts of up to 100 pulses, up to several hundred mJ/pulse, at repetition rates up to 1 MHz ͑not all limits simultaneously͒. 10, 11 The laser system being built for use on MST is a further development of this line, designed with the operational flexibility to be able to produce a longer burst of pulses ͑up to 20 ms burst length͒ at a few tens of kilohertz pulse repetition rate, or short burst ͑10-30 pulses͒ at up to 250 kHz pulse repetition rate. Laser operation at 1064 nm is required by the filter sets in the polychromators used for Thomson scattering on MST. Additional design requirements are simplicity and robustness, necessitated by the operational cycle of approximately 100 plasma discharges per day in MST.
The laser architecture that seems best suited to our requirements is a master oscillator, power amplifier system, 12 with Nd as the active ion in the lasing media. ͑Reference to Fig. 1 , an overview of the system layout, will be helpful throughout this section.͒ Initially considered was a cw primary oscillator with a Pockels cell pulse slicer to produce a train of short ͑ϳ10 ns͒ pulses at repetition rates up to ϳ1 MHz, which are then amplified. 11 In addition to complexity, this pulse generation system has the drawback of injecting a low-level cw background of light into the amplifier system, due to the finite shutter ratio of the Pockels cells.
This cw background effectively depopulates the amplifier media unless mitigation steps are taken, such as the addition of a phase-conjugate mirror. 11, 13 In order to minimize complexity, a compact, diodepumped Nd: YVO 4 laser ͑CrystaLaser QIR-1064-1250-YV͒ was chosen as a master oscillator. This laser produces ഛ70 ns pulses at repetition rates up to 250 kHz, with pulse energies ജ2 J. The turn-on of the diode pump and triggering of the Q-switch are externally controllable, so that a burst train of arbitrary length and approximately equal pulse amplitude can be produced. Nd: YVO 4 lases more effectively than Nd:YAG at repetition rates Ͼ50 kHz due to its shorter fluorescence lifetime, but it has a slightly different fundamental wavelength than Nd:YAG. Results from YVO 4 oscillator/YAG amplifier systems indicated that the YVO 4 wavelength would be efficiently amplified by YAG, 14,15 but we decided direct confirmation of this was desirable since our mode of operation differed from the systems described in the literature. To perform this test, we injected the beam from our Nd: YVO 4 laser into the Nd:YAG amplifier chain described in Ref. 11 . As shown in Fig. 2 , a burst of 20 pulses at a pulse repetition rate of 250 kHz was successfully amplified to an average pulse energy of ϳ65 mJ/pulse. Further optimization should reduce the pulse-to-pulse energy variation; this was not done due to time constraints. A further test at a pulse repetition rate of 100 kHz resulted in amplification of a burst of 10 pulses to an average pulse energy of ϳ250 mJ/pulse, with reduced pulse width. Note that this is only a factor of 4 smaller than the ϳ1 J/pulse necessary for Thomson scattering on MST. Thus only a moderate increase in laser performance over what has been demonstrated will be required for successful operation of the system being built for MST.
The tests described above highlighted what will probably be the key challenge to laser operation at maximum performance: suppression of amplified spontaneous emission ͑ASE͒.
12 ASE could be clearly seen on a fluorescent IR detector card inserted into the beamline, and operational experience suggested that pulse energy could have been substantially increased, perhaps even doubled, if ASE had been oscillator. ͑a͒ 20 pulses at 250 kHz repetition rate amplified to an average pulse energy of ϳ65 mJ/pulse. ͑b͒ Individual pulse width is ϳ70 ns at this repetition rate. eliminated. Thus, for the laser being built, we have adopted a threefold approach to suppress ASE. First, there will be substantial linear separation of amplifier chambers and beamline optical components. ASE originating in laser rods is highly divergent due to the large index of refraction of YAG crystal. Moving optical components away from rods reduces the fraction of ASE collinearly reflected back to the rod, thus reducing the chance that the threshold for cavity oscillation will be reached. Second, the master oscillator beam will be spatially filtered before being injected into the YAG amplifier chain. This should reduce high-frequency mode structure in the amplified beam and should make it easier to align the beam through the chain without undesirable reflections from apertures or component edges. Third, provision has been made for implementation of a phase-conjugate mirror ͑PCM͒ if this is found to be necessary. In this application, the PCM acts as a nonlinear mirror with a reflectivity threshold. 11, 16 The power density of ASE remains under the threshold and is not propagated down the amplifier chain. The price paid for inclusion of a PCM is increased complexity and some pulse energy loss as high reflectivity is achieved only at high power density. Thus we plan to implement a PCM only if circumstances require it for effective ASE suppression.
As a side note, phase-conjugate mirrors have been used in Thomson scattering systems in two other applications. 17 The first application is to enable double passing of the beam through the plasma to increase the scattered signal. This could be implemented on MST, and will be considered if the signal level produced by the pulse-burst laser is marginal. The second application is compensation of changes in the optical characteristics of laser rods arising from thermal heating of the rods by pump radiation. This type of compensation is not likely to be necessary for our laser system, as the low duty cycle between bursts of pulses ensures that each burst starts with a cold cavity, and the short burst ͑ഛ20 ms͒ means that thermal gradients will not build up in the rods during the burst. ͑The thermal diffusion time constants range from about 1 s for the smallest Nd:YAG rod to about 100 s for the Nd:glass rods͒.
The final major components in the amplifier chain of our laser system will be two Nd:glass ͑silicate͒ laser rods ͑Kigre Q-246͒. These are low-gain amplifiers but have the capability to store large amounts of optical energy, and will be used to bring the output pulse energy up to the ϳ1 J level. The first of these Nd:glass pumping chambers has been completely assembled ͑Fig. 3͒ with a "dummy" rod, and is awaiting testing. The dummy rod is the same mechanically and thermally as the operational rod that will eventually be installed in this chamber, but is much cheaper to purchase as it has degraded optical characteristics. The dummy rod will be used to determine the pump energy tolerated by a Nd:glass rod in this chamber configuration. In other words, we plan to methodically expose the rod to increasing amounts of flashlamp pump energy until either mechanical failure occurs, or we reach the operating limits of the flashlamps.
III. FLASHLAMP POWER SUPPLIES
A major contributor to the operational flexibility of this laser system will be the ability of the flashlamps to produce pulses as short as 0.3 ms or as long as 20 ms. The short pulses will be used to pump the amplifier rods to maximum inversion for production of a burst of 10-30 pulses at pulse repetition rates of 50-250 kHz. During these high-frequency bursts the rod repumps very little between laser pulses so it is advantageous to store the maximum amount of energy possible in the rod prior to the start of the burst train. As pulse repetition rates fall below about 50 kHz, Nd:YAG is increasingly able to repump between laser pulses, thus a long flashlamp pulse of 20 ms will enable production of a continuous train of laser pulses during the flashlamp pulse.
Commercial flashlamp power supplies with the ability to drive flashlamps with widely varying pulse widths are not readily available. The standard pulsed flashlamp power supply is a critically damped inductor/capacitor single mesh pulse-forming network: a charged capacitor bank is discharged by a fast switch into an inductor in series with the flashlamp. 12 The capacitance and inductance are matched to the impedance of the flashlamp arc to produce a fixed width damped sine pulse, typically about 300 s wide. This is an efficient way to convert electrical energy into light but it does not allow easy variation of the pulse width or pulse energy. A straightforward way to gain control of these parameters is to remove the inductance from the drive circuit and switch the energy from the capacitors directly into the flashlamps in a square drive pulse. This is conceptually simple and works well, but entails two extra expenses over the pulse-forming network. First, the capacitor bank must be much larger, as only a fraction of the energy can be discharged from the bank in order to limit the droop of the drive voltage to the flashlamp. Second, the switch must be able to turn both "on" and "off," whereas the pulse-forming network only needs to be switched on.
Fortunately, advances in electronic technology have made both of these extra expenses manageable. Electrolytic capacitors have shrunk in both size and cost such that a 15 000 F at 450 V capacitor is readily available in a 90 ϫ 220 mm 2 cylindrical container ͑Vishay͒. As for switches, insulated-gate bipolar transistors ͑IGBTs͒ can now reliably switch several kiloamperes at several kilovolts in a compact package. Figure 4 illustrates our implementation of these components into a variable pulse width flashlamp power sup- 
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Pulse-burst laser system Rev. Sci. Instrum. 79, 10E736 ͑2008͒ ply. A discharge in the flashlamp is initiated by the external parallel trigger transformer ͑PerkinElmer, Diversatec͒, 18 and a low-level ͑100-500 mA͒ simmer current is continuously maintained by the simmer module ͑Analog Modules͒. The IGBT switch, capacitor charging supply, and simmer module are controlled and monitored by a system based on singleboard computers ͑Rabbit Semiconductor͒. In this way all 19 flashlamps in the full laser system will be individually controllable for pulse width, delay, and energy from a single display screen.
Two different xenon flashlamps are being powered for this laser system. The smaller, a 4 mm bore diameter by 67 mm arc length lamp, will be used in the four Nd:YAG amplifier stages. The larger, a semicustom lamp ͑New Source Technology͒ with cerium-doped quartz envelope, 8 mm bore by 250 mm arc length, will be used in the two Nd:glass amplifier stages, six lamps per stage. The fundamental flashlamp operational limit is single-pulse catastrophic failure, characterized as the "explosion energy," which is a function of the tube size and material, fill gas and pressure, and pulse width. 19, 20 The explosion energy scales as the square root of the pulse width; our flashlamp power supplies are designed to deliver up to 20% of the explosion energy at any given pulse width between 0.3 and 20 ms. For the smaller lamp, this requires a bank of eight 15 000 F capacitors, configurable in series parallel for 900 V charge, or parallel for 450 V charge. The larger lamp requires a bank of 32 15 000 F capacitors, configurable for either 1800 or 900 V charge. The higher voltage charge configurations are required for short flashlamp pulses ͑0.3-ϳ 3 ms͒, and lower voltage configurations for longer pulses up to 20 ms. In all cases voltage droop during the pulse is limited to 10% of the charge voltage. The prototype of these flashlamp power supplies has functioned as expected, and full production is now underway.
Possible future extensions or upgrades of this laser system are operation with long or quasi-cw burst trains, and/or operation at higher pulse repetition rates. Quasi-cw operation of a flashlamp-pumped system similar to that described above would require about 1 MW of electrical power, with attendant heat removal challenges. However, the electricalto-optical efficiency of a diode-pumped system could be about a factor of ten greater, making such a system substantially more tractable. Higher pulse repetition rates could be achieved most simply by adding another Nd: YVO 4 laser oscillator. Provision has been made for this in the layout shown in Fig. 1 ; combining the two beams into one beamline can be done with a polarizing cube. This would enable interesting operating modes; for example, a frequency-shift comb of pulses could be generated by operating the two lasers at slightly different pulse repetition rates.
